ABSTRACT: A pure Co 3 O 4 /Al 2 O 3 sample was prepared by the wet impregnation method using finely powdered aluminium hydroxide and cobalt nitrate dissolved in the least amount of distilled water. Maintaining the amount of Co 3 O 4 constant at 16.7 mol%, different samples were doped by impregnating with known amounts of cerium or vanadium nitrates prior to impregnation with cobalt nitrate. The pure and doped samples were precalcined at 600°C and 800°C, respectively. The dopant concentrations employed were 0.5, 1.0, 2.0 and 3.0 mol% CeO 2 or V 2 O 5 . The resulting materials were studied by XRD and EDX methods, N 2 adsorption at −196°C and CO oxidation by O 2 at 130-220°C.
INTRODUCTION
The oxidation of CO with O 2 is one of the basic model reactions reported in thousands of publications in surface science. The catalytic oxidation of carbon monoxide is an important reaction, with vehicle exhaust catalysts, closed-cycle carbon dioxide lasers (Gardner and Hoflund 1991; Collins et al. 1986) , catalytic combustion (Trimm 1983) and mine rescue devices (Lamb et al. 1920) being examples of several applications. Both platinum group metals and transition metal oxides have been found to act as very active catalysts for CO oxidation by O 2 (Wu et al. 2003; Panzerra et al. 2004; Wang et al. 2000; Zaki et al. 2000) . However, platinum group metals are relatively rare and expensive and for this reason transition metal oxides are more commercially *E-mail: hala_elshobaky@yahoo.com. used as catalysts. The catalytic activity and durability of these oxides can be much improved by a variety of methods, including loading on finely divided and porous support materials, treating with small amounts of certain foreign oxides that act as promoters and/or stabilizers and exposure to radiation (El-Shobaky et al. 1997 , 2001a Bolt et al. 1993; Mucka 1993) . These methods generally increase the concentration of active sites on the catalyst surface by increasing the degree of dispersion of the catalytically active component, hindering possible undesirable reactions between the catalyst constituents and removing undesirable surface contaminates such -OH groups from the acidic oxides employed in the oxidation reaction of CO with O 2 (Doheim and El-Shobaky 2002; Mokhtar et al. 2002) .
Treatment of a given catalytic system with small amounts of foreign oxides (doping) may increase the oxidation state of the catalytically active species, thereby increasing their ability to catalyze oxidation-reduction reactions (El-Shobaky 2003) . Unloaded and loaded Co 3 O 4 systems act as active catalysts for a variety of oxidation-reduction reactions including dehydrogenation, the dehydration of alcohols and the oxidation of CO with O 2 (Garbowski et al. 1990; Jansson et al. 2002; Yamaura et al. 2000; Grillo et al. 2004; Kang et al. 2003; Broqvist et al. 2002; Ruckenstein and Wang 2002; Zhang and Amiridis 1998; Luo et al. 1997; Mendes and Schaml 1997; Li and Ding 2000) . The effect of doping with various oxides on the surface and catalytic properties of particular systems has been the subject of several investigations (El-Shobaky and Turky 2000; El-Shobaky et al. 2003) .
The present work was aimed at investigating the effect of doping with CeO 2 and V 2 O 5 on the surface and catalytic properties of the Co 3 O 4 /Al 2 O 3 system. The techniques employed in the study were XRD, EDX, nitrogen adsorption at -196°C and the catalytic oxidation of CO by O 2 at 130-220°C.
EXPERIMENTAL Materials
A pure cobaltic oxide catalyst sample supported on γ-alumina and having the formula 0.2Co 3 O 4 /Al 2 O 3 was prepared by impregnating a known weight of finely powdered Al(OH) 3 solid with a fixed amount of cobalt nitrate hexahydrate dissolved in the least amount of distilled water sufficient to make a paste. This paste was dried to constant weight at 110°C and then subjected to heat treatment for 6 h at 600°C or 800°C. Co 3 O 4 /Al 2 O 3 samples doped with CeO 2 or V 2 O 5 were prepared by impregnating known amounts of finely powdered solid aluminium hydroxide with calculated amounts of cerium hexahydrate or ammonium metavanadate dissolved in the least amount of distilled water and then drying the resulting mixtures at 110°C. The doped aluminium hydroxide samples thus obtained were treated with solutions containing fixed amounts of cobalt nitrate. The resulting doped solids were dried at 110°C and then precalcined for 6 h at 600°C or 800°C. The dopant concentrations were 0.5, 1.0, 2.0 and 3.0 mol% CeO 2 or V 2 O 5 , respectively. All the chemicals employed in these preparations were of analytical grade as supplied by BDH Ltd. (Poole, England).
Techniques
X-Ray powder diffraction patterns of the pure and variously doped samples precalcined in air at 600°C or 800°C were obtained using a Philips diffractometer (type PW 1390). The patterns were measured employing Ni-filtered Cu radiation (λ = 0.154 nm) at 30 kV and 10 mA at a scanning speed of 2°in 2θ/min. The crystallite size of the Co 3 O 4 phase in the different solids investigated was calculated from line-broadening profile analysis of the main diffraction lines of the Co 3 O 4 phase using the Scherrer equation (Cullity 1967; Langford and Wilson 1978; Fiévet Germi et al. 1979): where d is the mean crystallite diameter, λ is the X-ray wavelength, K is the Scherrer constant (0.89), β 1/2 is the full width at half maximum (FWHM) of the diffraction peaks for Co 3 O 4 and θ is the diffraction angle. For line-broadening profile analysis, the scanning rate was fixed at 0.2°in 2θ/min. The cubic lattice parameter 'a' of Co 3 O 4 was calculated for each solid sample doped with different amounts of CeO 2 or V 2 O 5 after calcination at 600°C or 800°C. The systematic error arising in the diffraction angle measurements was eliminated by plotting the apparent lattice parameter for each diffraction peak against an extrapolation function of θ. Thus, in the present work, the lattice parameter was calculated from the θ values of the diffraction peaks and these values were plotted against the correction function 1/2[(cos 2 θ/sin θ) + (cos 2 θ/θ)] and extrapolated to θ = 90° (Muller et al. 1960; El-Shobaky et al. 1987a) .
Energy dispersive X-ray (EDX) measurements were carried out on a Hitachi S-800 electron microscope with a Kevex Delta system attachment employing the following conditions: accelerating voltage, 15 kV; accumulation time, 100 s; window width, 8 µm. The surface molar composition was determined by the Asa method (Zaf-correction, Gaussian approximation).
The specific surface areas (S BET ) of the various solid catalysts were determined from nitrogen adsorption isotherms measured at −196°C using a conventional volumetric apparatus. Before undertaking such measurements, each sample was degassed under a reduced pressure of 10 −5 Torr for 2 h at 200°C. The catalytic oxidation of CO by O 2 over different catalyst samples was studied at various temperatures in the range 130-220°C using the static method. A fresh 200 mg catalyst sample was employed in each kinetic experiment and was activated by heating at 300°C for 2 h under a reduced pressure of 10 −6 Torr. A stoichiometric mixture of CO and O 2 (CO + 1 / 2O 2 ) at a pressure of 2 Torr was used. The kinetics of the catalytic reaction were monitored by measuring the pressure of the reaction mixture at different time intervals until a constant value was obtained. The CO 2 produced was removed from the reaction atmosphere by freezing at liquid nitrogen temperature. Hence, the percentage conversion in the catalytic reaction at a given time corresponded to the decrease in the pressure of the reacting gases at that time. Since the saturation vapour pressure of CO at −196°C is 160 Torr, its liquefaction under the conditions employed (P = 2 Torr) at the reaction temperatures studied was improbable.
RESULTS AND DISCUSSION
XRD investigations of the pure and variously doped solids X-Ray diffractograms of pure and variously doped Co 3 O 4 /Al 2 O 3 solids precalcined at 600°C or 800°C were determined. Thus, Figures 1 and 2 , respectively, depict the diffractograms of the pure sample and of those doped with 3.0 mol% CeO 2 or 3.0 mol% V 2 O 5 after precalcination in air at 600°C or 800°C. As seen from the figures, the diffractograms of the pure, 3.0 mol% CeO 2 -and 3.0 mol% V 2 O 5 -doped solids precalcined at 600°C and 800°C contained all the diffraction peaks of Doping the investigated system with either CeO 2 or V 2 O 5 could lead to modification of its structural characteristics, i.e. degree of crystallinity, crystallite size and the lattice parameter of the Co 3 O 4 phase. Analysis of the X-ray data allowed these characteristics to be determined for the pure and variously doped solids precalcined at 600°C or 800°C. The computed values of these parameters are listed in The corresponding diffractogram has not been included here. (Greenwood 1964) . (iv) Doping the investigated system with small amounts of CeO 2 or V 2 O 5 followed by heating at 600°C resulted in a significant increase in the lattice parameter 'a' of the Co 3 O 4 phase. (v) On the other hand, doping the investigated system with 0.5-1.0 mol% CeO 2 or V 2 O 5 followed by heating at 800°C brought about a decrease in the lattice parameter of Co 3 O 4 . However, increasing the dopant concentration up to 3.0 mol% had the opposite effect. This behaviour may be attributed to the dissolution of a proportion of the dopants in the Co 3 O 4 lattice.
Such dissolution could lead to the formation of new chemical compounds (Rios et al. 1998; Rogado et al. 2002) and/or solid solutions (El-Shobaky and Turky 2000; El-Shobaky 2003) . Co 3 O 4 can dissolve small amounts of added CeO 2 or V 2 O 5 , the dissolution of CeO 2 occurring via substitution of some of the host cobalt ions in the Co 3 O 4 lattice by the added dopant cations. The dissolution process can be simplified according to Kröger's notation (1964) (2) is more likely to take place when the solid is heated at 600°C and 800°C, respectively. Dissolution of CeO 2 via reaction (1) is accompanied by the transformation of some of the Co 3+ ions into Co 2+ ions, with subsequent desorption of some of the chemisorbed oxygen. In contrast, doping of quasistoichiometric Co 3 O 4 followed by precalcination at 800°C according to reaction (2) is accompanied by the creation of uncharged cationic vacancies in the Co 3 O 4 lattice. The observed increase in the lattice parameter 'a' of Co 3 O 4 due to CeO 2 doping followed by heat treatment at 600°C may be attributed to the transformation of some Co 3+ ions into Co 2+ ions (the ionic radius of these ions being 0.064 and 0.078 nm, respectively) (Greenwood 1964) . The possible creation of cationic vacancies in Co 3 O 4 due to CeO 2 doping followed by precalcination at 800°C might result in the contraction in its crystal lattice, with a subsequent decrease in the magnitude of its lattice parameter 'a' as observed experimentally.
Adopting Kröger's notations (1964) (3) and (4) would be followed by transformation of some of the Co 3+ ions into Co 2+ ions. These two mechanisms are possible when the investigated system is doped with V 2 O 5 and then subjected to precalcination at 600°C. This process is normally accompanied by an increase in the lattice parameter 'a' of Co 3 O 4 .
The observed decrease in the value of the lattice parameter 'a' of Co 3 O 4 upon doping with 0.5-1.0 mol% V 2 O 5 followed by precalcination at 800°C may be attributed to enhanced dissolution of V 5+ ions (ionic radius, 0.059 nm) in the positions of the Co 2+ ions (ionic radius, 0.078 nm) in the lattice. Such substitution could lead to the contraction of the Co 3 O 4 lattice, i.e. a decrease in the value of its lattice parameter 'a'. The increase in the 'a' value due to doping of the investigated system with 3.0 mol% V 2 O 5 may be related to the complete reduction of Co 3+ to Co 2+ ions in the Co 3 O 4 lattice. The appearance of diffraction peaks corresponding to cobalt vanadate in the diffractograms of samples doped with 1.0-3.0 mol% V 2 O 5 precalcined at 800°C may be attributed to the dissolution of V 2 O 5 in the Co 3 O 4 lattice with subsequent formation of a new compound (Kröger 1964) , as depicted in equation (5) 
Energy dispersive X-ray investigations of the pure and variously doped solids
EDX investigations were also undertaken of pure Co 3 O 4 /Al 2 O 3 and of the corresponding solids doped either with 1.0 mol% CeO 2 or 1.0 mol% V 2 O 5 and precalcined at 600°C. The atomic abundances of cobalt, aluminium, oxygen and cerium or vanadium thus obtained are listed in Table 2 . It is well known that EDX analysis supplies the effective atomic concentrations of different substrates of the investigated solids present in their uppermost surface layers. The following conclusions may be drawn from an inspection of the results given in Table 2 :
The surface concentration of cobalt ions in the pure and variously doped solids precalcined at 600°C was more than twice that present in the bulk of the solids. (ii) The surface concentrations of the CeO 2 and V 2 O 5 dopants were ca. 10-times those present in the bulk of the doped solids. This is not unexpected, simply because the pure and doped solids were prepared by the wet impregnation of Al(OH) 3 solid with cobalt, cerium and/or vanadium nitrates. This method of preparation permits the preferential absorption of Co, Ce and V ions into the topmost surface layers of the pure and doped solids (El-Shobaky et al. 1987b) . (1), (3) and (4) Figure 2) .
Influence of doping with CeO 2 and V 2 O 5 on the specific surface areas of the systems studied
The specific surface areas (S BET ) of the pure and variously doped solids precalcined at 600°C and 800°C were determined from nitrogen adsorption isotherms measured at -196°C for various adsorbents. The computed values of S BET for the solids investigated are listed in Table 3 . system with V 2 O 5 followed by heating at 800°C led to a decrease in its specific surface area to an extent proportional to the amount of dopant added.
The maximum decrease attained was 24%. (iii) Doping the Co 3 O 4 /Al 2 O 3 system with CeO 2 followed by heating at 800°C had no measurable effect on its specific surface area. (iv) The addition of the smallest amount of CeO 2 (0.5 mol%) to the system followed by heating at 600°C led to a measurable increase in its specific surface area (ca. 29%). As the amount of dopant added increased, the specific surface area passed through a maximum value and then decreased. Ultimately, the specific surface area fell to a value smaller than that measured for the undoped sample. The creation of new pores as a consequence of doping is normally accompanied by an increase in the specific surface area of the treated adsorbents. The decrease in the crystallite size of one of the adsorbent's constituents (Co 3 O 4 ) would be expected to increase the external surface area of the doped solid. Lattice expansion of Co 3 O 4 might also be followed by a limited increase in the specific surface area of the doped sample. Lattice contraction of Co 3 O 4 or a decrease in its lattice parameter 'a' might exert the opposite effect. The possible formation of chemical compound(s) between the dopant added and one of the constituents of the solid (Co 3 O 4 , Al 2 O 3 ) might induce a decrease in the specific surface area of the doped solid. Location of a portion of the added dopant in the pores of the system investigated could block these pores and hence decrease the specific surface area of the doped sample. On the basis of these considerations, one might conclude that the observed increase in the BET surface area of Co 3 O 4 /Al 2 O 3 due to doping with V 2 O 5 followed by precalcination at 600°C might be due to domination of new pore creation. The opposite effect observed for V 2 O 5 doping at 800°C could be attributed to the domination of new compound formation (cobalt vanadate). In the case of the CeO 2 dopant, the possible location of some of this dopant in the pores of the solid precalcined at 800°C might counteract the induced decrease in the crystallite size of Co 3 O 4 , with the creation of new pores effecting no net change in the BET surface area of the doped solid.
The observed significant change in the surface concentration of cobalt species, the surface concentration of oxygen, the specific surface areas and the formation of cobalt vanadate in the Co 3 O 4 /Al 2 O 3 system due to doping with V 2 O 5 would be expected to modify the catalytic activities of the doped solid substrate.
Catalytic oxidation of CO by O 2 over the pure and variously doped solids
The catalytic oxidation of CO by O 2 was conducted over the pure Co 3 O 4 /Al 2 O 3 system and over the variously CeO 2 -and V 2 O 5 -doped solids precalcined at 600°C and 800°C. First-order kinetics were observed in all cases, the slopes of the first-order plots determining the values of the reaction rate constant (k). Figure 3 shows the representative first-order plots obtained for CO oxidation by O 2 at 180°C over the pure and variously doped solids precalcined at 600°C and 800°C. Figure 4 depicts the variation of k as a function of the dopant concentration for catalytic reactions carried out at 150°C and 200°C over variously doped solids precalcined at 600°C and 800°C. The data depicted in Figure 4 lead to the following conclusions:
Doping the Co 3 O 4 /Al 2 O 3 system with the smallest amount of CeO 2 (0.5 mol%) followed by precalcination at 600°C led to an increase of ca. 20% in its catalytic activity in the oxidation of CO with O 2 , as expressed in terms of the reaction rate constant measured for the reaction carried out at 150°C (k 150°C ). Increasing the amount of dopant up to 3.0 mol% caused no further measurable change in the catalytic activity of the doped solids. (ii) Treating the system investigated with the smallest amount of V 2 O 5 (0.5 mol%) followed by precalcination at 600°C led to a significant increase (45%) in its catalytic activity as expressed in terms of k 150°C . Increasing the V 2 O 5 content above this limit (0.5-3.0 mol%) led to a decrease in the value of k 150°C , but the values exhibited were still larger than that for the undoped solid. (iii) Doping the Co 3 O 4 /Al 2 O 3 system with the smallest amount of V 2 O 5 or CeO 2 (0.5 mol%)
followed by precalcination at 800°C led to a decrease in the corresponding catalytic activity. The value of k 200°C fell by 73% and 23% due to doping with V 2 O 5 and CeO 2 , respectively.
The observed change in the catalytic activity of Co 3 O 4 /Al 2 O 3 due to doping with V 2 O 5 or CeO 2 followed by precalcination at 600°C and 800°C may be discussed in terms of (a) the transformation of Co 3+ ions (which are the active sites for the chemisorption of an electron-donor gas such as CO) into Co All these various factors may be used to interpret the results obtained. Thus, the transformation of some of the Co 3+ ions into Co 2+ ions due to doping could lead to a decrease in the concentration of active sites involved in the chemisorption of CO gas, thereby leading to a decrease in the catalytic activity of the doped system. The formation of cobalt vanadate or CoAl 2 O 4 via interactions between V 2 O 5 or Al 2 O 3 and Co 3 O 4 would normally be accompanied by a decrease in the catalytic activity of the Co 3 O 4 /Al 2 O 3 system. Similarly, an increase in the degree of dispersion of the Co 3 O 4 phase due to the effective decrease in its size observed when the system was doped with V 2 O 5 or CeO 2 would normally be accompanied by an increase in the concentration of active sites. The conversion of some of the Co 3 O 4 associated with the active catalyst into cobalt vanadate or cobalt aluminate which exhibit smaller catalytic activities might also lead to a decrease in the catalytic activity of the solid. The observed significant increase in the catalytic activity of Co 3 O 4 /Al 2 O 3 due to doping with V 2 O 5 followed by precalcination at 600°C could be attributed to the dominant role played by the significant decrease observed in the crystallite size of the Co 3 O 4 constituent. This decrease was reflected as an effective increase in the degree of dispersion of this constituent, followed by an increase in the surface concentration of the cobalt ions. The fact that V 2 O 5 was more efficient than CeO 2 in increasing the catalytic activity of respectively, followed by precalcination at 600°C Figure 2) . Similarly, the limited decrease in the catalytic activity of the Co 3 O 4 /Al 2 O 3 system as a result of doping with CeO 2 followed by precalcination at 800°C might be due to the possible stimulation of the formation of One possible way around this difficulty would be to determine the apparent activation energy (∆E) for the catalysis of CO oxidation by O 2 over the pure and variously doped solids investigated. This could enable some light to be shed on any possible change in the mechanism of the catalyzed reaction and hence provide useful information about possible changes in the concentration of Recalculation of the values of ∆E for the oxidation of CO by O 2 conducted over the various samples studied, adopting the ln A values for the pure samples precalcined at 600°C and 800°C for the various doped samples precalcined at the same temperatures, led to the corresponding ∆E* values. These values for the pure Co 3 O 4 /Al 2 O 3 system and various doped samples are listed in the last column of Table 4 . Such data show that doping did not modify the values of the activation energy for the catalyzed reaction (within an experimental error of ±1.0 kJ/mol). Thus, treatment of the Co 3 O 4 /Al 2 O 3 system with either CeO 2 or V 2 O 5 did not alter the mechanism of the catalytic reaction but rather changed the concentration of active sites involved in chemisorption and in the catalysis of CO oxidation by O 2 . For this reason, XPS investigations of the CeO 2 -doped solids precalcined at 800°C are needed to confirm the possible simulation of CoAl 2 O 4 formation. 
